Major histocompatibility complex class I (MHCI) molecules negatively regulate cortical connections and are implicated in neurodevelopmental disorders, including autism spectrum disorders and schizophrenia. However, the mechanisms that mediate these effects are unknown. Here, we report a novel MHCI signaling pathway that requires the myocyte enhancer factor 2 (MEF2) transcription factors. In young rat cortical neurons, MHCI regulates MEF2 in an activity-dependent manner and requires calcineurin-mediated activation of MEF2 to limit synapse density. Manipulating MEF2 alone alters synaptic strength and GluA1 content, but not synapse density, implicating activity-dependent MEF2 activation as critical for MHCI signaling. The MHCI-MEF2 pathway identified here also mediates the effects of a mouse model of maternal immune activation (MIA) on connectivity in offspring. MHCI and MEF2 levels are higher, and synapse density is lower, on neurons from MIA offspring. Most important, dysregulation of MHCI and MEF2 is required for the MIA-induced reduction in neural connectivity. These results identify a previously unknown MHCI-calcineurin-MEF2 signaling pathway that regulates the establishment of cortical connections and mediates synaptic defects caused by MIA, a risk factor for autism spectrum disorders and schizophrenia.
Introduction
Although major histocompatibility complex class I (MHCI) molecules are most well known for their role in mediating immunity throughout the body, these proteins are also present in the CNS (Corriveau et al., 1998; Needleman et al., 2010; Ribic et al., 2011; Chacon and Boulanger, 2013) . During brain development, MHCI plays important roles in activity-dependent refinement of the visual system, synaptic transmission, and long-term plasticity (Elmer and McAllister, 2012) . MHCI also negatively regulates the establishment and strength of synapses and controls excitatory/inhibitory balance onto cortical neurons (Glynn et al., 2011) . Despite the clear importance of MHCI in brain development, little is known about how these proteins exert their effects on neurons in the CNS.
One approach to identify the molecular mechanisms that mediate MHCI function in the CNS is to test whether other molecules that play similar roles are components of the MHCI signaling pathway. Many molecules promote synapse formation, but relatively few have been identified that limit synapse density early in development. Myocyte enhancer factor 2 (MEF2) transcription factors were one of the first molecular families discovered to play this role (Flavell et al., 2006) . Neuronal activity activates MEF2, increasing the expression of many genes, some of which cause synapse elimination (Tsai et al., 2012; Dietrich, 2013) . The similarities in the effects of MEF2 and MHCI on synaptic connections suggest the possibility that MHCI activates a signaling pathway that includes MEF2 to restrict synapse density.
In addition to their role in brain development, MHCI genes have also been implicated in neurodevelopmental disorders through both genetic associations and environmental risk factors, especially maternal infection (Brown and Patterson, 2011; Michel et al., 2012; Needleman and McAllister, 2012) . Mouse models of maternal immune activation (MIA) strongly support this link. Offspring of pregnant mice injected with the viral mimic poly(I:C) dsRNA display behaviors, gene expression, neuroanatomy, and neurochemistry consistent with both autism spectrum disorder (ASD) and schizophrenia (SZ; Patterson, 2011; Malkova et al., 2012; Giovanoli et al., 2013) . However, little is known about how MIA affects brain development, including if and when changes in connectivity occur. Because many cytokines are elevated in the brains of newborn MIA offspring and regulate MHCI on many cell types (Johnson, 2003) , it is possible that MIA-induced cytokines regulate MHCI and its signaling pathways in the brain, thereby causing changes in synapse density and function.
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Immunoblotting. Dissociated mouse cortical cultures were lysed at 8 DIV in 2ϫ reducing SDS sample buffer, boiled for 5 min, and resolved by SDS-PAGE. Samples were transferred to PVDF membranes, blocked in Odyssey blocking buffer (LiCor), and probed with the indicated primary antibodies overnight at 4°C. Resolved proteins were visualized in two channels using fluorescent secondary antibodies at 680 and 800 nm on an Odyssey Clx infrared imaging system (LiCor). MEF2 band intensities were quantified using the manufacturer's software, ImageSoft (LiCor), and normalized to a GAPDH loading control. MEF2C protein was quantified after stripping MEF2A and D antibodies and reprobing with a MEF2C antibody. Antibodies used were MEF2A (sc313, 1:200, Santa Cruz Biotechnology), MEF2C (10056-1-AP, 1:500, ProteinTech), MEF2D (M62720, 1:2000, BD/Signal Transduction), MEF2phosphoS408 (1: 1000, Dr. M.E. Greenberg, Harvard Medical School, Boston, MA), and GAPDH (G8795, 1:7500, Sigma-Aldrich).
Immunochemistry (ICC) . Cells were fixed in 4% paraformaldehyde, 4% sucrose in PBS at 4°C for 10 min. Neurons were permeabilized with 0.25% Triton X-100 for 5 min, blocked with 10% BSA, and then incubated with primary and secondary antibodies diluted in 3% BSA. Surface MHCI (sMHCI) staining was performed on fixed cells without permeabilization and the sMHCI primary antibody was applied together with a MAP2 primary antibody. Dendritic regions with positive MAP2 staining were excluded from analysis to control for fixation-induced permeabilization (Glynn and McAllister, 2006) . Primary antibodies used were as follows: GluA1 (PC246, 1:100; Calbiochem), GluA2 (MAB397, 1:100; Millipore Bioscience Research Reagents), MAP2 (rabbit: AB-5622, 1:2000; Millipore Bioscience Research Reagents, or chicken: Ab5392, 1:2000; Abcam), MEF2A (Ab51153, 1:400; Abcam), MEF2C (10056-1-AP, 1:400; ProteinTech), MEF2D (M62720, 1:400; BD Signal Transduction), MHCI (OX-18, 1:100; AbD Serotec), PSD-95 (K28/43, 1:1000; NeuroMab), VAMP2 (104 -202, 1:1000; Synaptic Systems), Synapsin1 (Millipore Bioscience Research Reagents 1:1000), VGluT1 (AB5905, 1:1000; Millipore Bioscience Research Reagents). Secondary antibodies used were AlexaFluor-488, -568, or -647 conjugated anti-rabbit, antimouse, anti-chicken and anti-guinea pig [1:400 for all except MAP2 immunocytochemistry (ICC), where a 1:1000 dilution was used, Invitrogen]. For sMHCI ICC, an additional biotin-streptavidin amplification step was performed, whereby biotin-conjugated goat anti-mouse IgG (1:100; Vector Laboratories) was used to label the primary antibody (OX18) followed by AlexaFluor-488 or -546 conjugated streptavidin tertiary label (1:400; Invitrogen). All coverslips were mounted in Fluoromount-G (Southern Biotech).
Flow cytometry. Brain regions were dissected at P0 from MIA and control offspring and cells were acutely dissociated in papain. Dissociated cells were FcR blocked (Miltenyi Biotec) for 30 min and then stained with primary conjugated antibodies for 60 min at 4°C. Cells were then washed with PBS and resuspended in 4% PFA. Primary antibodies included the differentiated neuronal marker Thy1.2-APC (1:10; Miltenyi Biotec), the MHCI subtype H2-K b D b -PE (1:10, Cederlane) and a viability marker (Violet Dead Cell Stain from Invitrogen). Samples were run on a BD LSRII flow cytometer and analyzed by Flowjo (Treestar). Data were gated on Thy1.2-positive cells and assessed for sMHCI by H2-K b D b -PE fluorescence intensity. Microscopy and image analysis. Imaging of neurons was performed using an Olympus Fluoview 300 (software v5.0) laser scanning confocal microscope with a 60ϫ PlanApo oil-immersion objective (1.4 NA). Laser power and photomultiplier tube (PMT) levels were held constant between groups within each experiment. Grayscale images (2048 ϫ 2048, 16 bit) for each channel were acquired sequentially and Kalman-averaged over two scans at 2.5ϫ artificial zoom. Images used for cluster density or colocalization analysis underwent one iteration of deconvolution with the appropriate point spread function for 488, 568, or 647 nm light before image analysis (SVI Huygens Essential).
Pre-and postsynaptic protein colocalization (synapse density) and density were quantified as described previously using custom journals written in MetaMorph software (v7.5, Molecular Devices; Glynn et al., 2011). Briefly, regions of interest (ROI) on dendrites were outlined man-ually and puncta for each channel within the ROI were detected and measured using a custom journal written to use MetaMorph's adaptive background correction algorithm to label individual clusters of protein in each channel. This type of local background detection enables identification of both intense and the more faint protein clusters found in young, developing neurons that might normally be missed using typical global background subtraction methods. The importance of this approach for accurately detecting synapses in young neurons is illustrated and discussed in detail in (Glynn and McAllister, 2006) . To show both the large, bright and small, faint puncta in the images used in the figures, the gain was increased for illustration, which often saturated the brightest puncta but made the faint ones visible. To show all of the puncta that were analyzed, images of representative dendrites are displayed next to their corresponding threshold masks. MEF2 protein levels were measured as the average pixel intensity of staining in the nucleus; specific cytoplasmic staining of MEF2 in neurons was not observed. Transcriptional reporter fluorescence was measured as average reporter protein [EGFP for MEF2 or ECFP for nuclear factor of activated T-cells (NFAT)] pixel intensity in the cell body normalized to pmCherry control. During image acquisition, care was taken to adjust laser PMT levels appropriately to prevent saturation of reporter intensity. All images were prepared in Adobe Photoshop and Illustrator.
Electrophysiology. Whole-cell patch-clamp recordings were made from 7 DIV rat conventional cultures coexpressing shMEF2AϩshMEF2D shRNAs or shSCR for 48 h, together with EGFP for visualization of transfected cells. To isolate mEPSCs, whole-cell patch-clamp recordings were made at Ϫ70 mV in the presence of 0.5 M TTX and 100 M picrotoxin. The extracellular solution consisted of the following (in mM): 110 NaCl, 3 KCl, 10 HEPES, 10 D-glucose, 10 glycine, 2 CaCl 2 , and 2 MgCl 2 , pH 7.3. The osmolarity was adjusted to 295 mOsm using sorbitol. The intracellular solution consisted of the following (in mM):130 potassium gluconate, 10 KCl, 10 HEPES, 10 EGTA, 1 CaCl 2 , 5 ATP-Mg 2ϩ , and 5 GTP-Li 2ϩ , pH 7.3. Recordings were filtered at 2 kHz using an Axopatch 200B amplifier and digitized at 5 kHZ using Clampex 8 (Molecular Devices) . mEPSCs were detected with MiniAnalysis software (Synaptosoft), at a threshold fourfold larger than the rms noise and confirmed by visual inspection.
Data analysis. For all experiments, with the exception of the graph in Figure 5B , data were collected from at least two (usually three, and sometimes more) experiments and are presented as the mean Ϯ SEM. Significance was assessed relative to culture prep-matched control by unpaired t test. For all graphs, significance was defined as follows: *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. When normalized, data are plotted relative to the appropriate, prep-matched control. A dashed line indicates the normalized control values at 1.0 for the cases in which the control values are not plotted. Data were plotted in Graphpad Prism (v5) and exported to Adobe Illustrator for figure preparation.
Results
MHCI negatively regulates glutamatergic synapse density and function; however, the signaling mechanism that mediates these effects is unknown (Elmer and McAllister, 2012) . Here, we approached this question by identifying other types of molecules that play similar roles and then testing whether they are components of the MHCI signaling pathway. MEF2 transcription factors were one of the first molecular families discovered to negatively regulate synaptic connectivity in the CNS (Flavell et al., 2006; Shalizi et al., 2006) . There are four MEF2 genes, A-D, originally identified for their critical roles in muscle (Potthoff and Olson, 2007) . In the brain, MEF2 genes are differentially expressed in distinct but overlapping regions (Lyons et al., 1995 (Lyons et al., , 2012 vil et al., 2008; Fiore et al., 2009; Pazyra-Murphy et al., 2009; Pfeiffer et al., 2010; Akhtar et al., 2012; Yamada et al., 2013; Zang et al., 2013) . Neuronal activity and calcium (Ca 2ϩ ) signaling activate MEF2, increasing the expression of many genes, some of which cause synapse elimination (Flavell et al., 2006 Shalizi et al., 2006; Tsai et al., 2012) . Based on their similar roles in limiting synapse density, we hypothesized that MHCI and MEF2 interact to limit connectivity in young cortical neurons.
MHCI regulates MEF2 levels and activity
If MHCI and MEF2 are components of the same pathway, then manipulation of one should alter the levels or activation of the other. To test this prediction, MHCI or MEF2 was genetically manipulated in dissociated rat cortical neurons during the initial stages of synapse formation (5-8 DIV) and the effect on the other protein was quantified. MHCI expression on the surface of neurons (sMHCI) and MEF2 levels were visualized using ICC. MEF2 activity was measured using an EGFP-based transcriptional reporter, 3XMRE-EGFP (Pfeiffer et al., 2010; Zang et al., 2013) . Data were normalized throughout the paper for accurate comparison to the appropriate culture-matched controls.
To determine whether MHCI regulates MEF2 levels and/or activity in young cortical neurons, sMHCI expression was decreased using RNAi-mediated knockdown of the light chain of MHCI, ␤2-microglobulin (␤2m RNAi or sMHCI knockdown), or increased by transfecting neurons with a fluorescently tagged isoform of MHCI, H2-Kb-YFP or H2-Kb-mCherry (MHCI overexpression; MHCI OE), as previously described (Glynn et al., 2011) . Cells were transfected at 5-7 DIV and MEF2 protein levels and transcriptional activity were measured 36 -72 h later. MHCI overexpression significantly increased MEF2A, -C, and -D protein levels by 22, 31, and 12%, respectively, whereas knockdown of sMHCI using ␤2m RNAi decreased them by 62,18, and 25%, respectively, relative to a nontargeting sequence NTS siRNA control ( Fig. 1 A, B) . Similarly, MHCI overexpression increased MEF2 activity twofold, whereas sMHCI knockdown decreased it by almost half (Fig. 1C ). These manipulations altered MEF2 family members differentially, with MEF2A and -C showing the largest changes, potentially reflecting differential activation of these isoforms by MHCI. This effect appears to be specific to MEF2, because a transcriptional reporter for another activity-regulated transcription factor, the nuclear factor of activated T-cells (NFAT), did not change upon MHCI overexpression (data not shown). Thus, MHCI specifically regulates MEF2 levels and transcriptional activity in a cell-autonomous manner.
MEF2 transcription factors are activated by Ca 2ϩ influx through L-type voltage sensitive Ca 2ϩ channels (L-VSCCs) and ionotropic glutamate receptors (Flavell et al., 2006; Shalizi et al., 2006) . To determine whether MHCI requires these pathways to increase MEF2 activity, MHCI was overexpressed while blocking synaptic activity or Ca 2ϩ influx through L-VSCCs and MEF2 reporter expression was measured as in Figure 1C . Blockade of L-VSCCs with nimodipine prevented the MHCI-induced increase in MEF2 activity (Fig. 1D) . Similarly, addition of the NMDAR antagonist APV, the AMPAR and kainate receptor antagonist CNQX, as well as blocking sodium-dependent action potentials with TTX, all prevented the MHCI-induced increase in MEF2 reporter activity (Fig. 1D) . Importantly, addition of these drugs decreased MEF2 transcriptional activity in cortical neurons as expected ( Fig. 1E ; Flavell et al., 2006), but did not prevent sMHCI overexpression (Fig. 1F ) . These results show that MHCI requires synaptic activity and Ca 2ϩ influx through L-VSCCs to MHCI OE increased levels of nuclear MEF2A, -C, and -D, while decreasing sMHCI (using ␤2m RNAi) lowered MEF2. MEF2 protein was quantified and plotted normalized relative to the appropriate control group indicated by the dashed line at 1.0 (EGFP for MHCI OE and NTS siRNA for ␤2m RNAi; n Ն 25 cells per condition, Ն2 experiments). C, MHCI also regulates MEF2 transcriptional activity. MEF2 activity was quantified after transfecting 7 DIV neurons with H2-Kb-mCherry or ␤2m siRNAs with the MEF2 transcriptional reporter 3xMRE-EGFP for 36 -48 h. EGFP fluorescence intensity was measured and plotted normalized to the appropriate control group indicated by the dashed line at 1.0 (pmCherry for MHCI OE or NTS RNAi ϩ pmCherry for sMHCI KD; n Ն 31 cells per condition, Ն 2 experiments). D, The MHCI-induced increase in MEF2 activation is activity-dependent. MEF2 activity following MHCI OE was analyzed as in C), with the indicated pharmacologic manipulations. Drugs or vehicle control were added post-transfection and MEF2 activity was quantified 36 -48 h later and normalized to treated controls; n Ն 21 cells per condition, Ն2 experiments. E, MEF2 is activated by synaptic activity and Ca 2ϩ influx through L-VSCCs. Neurons were transfected with pmCherry and 3XMRE-EGFP at 6 DIV, and cells were fixed and analyzed at 8 DIV. Drugs were added as in D, and MEF2 activity was quantified 36 -48 h later; n Ն 8 cells, Ն2 experiments. F, sMHCI overexpression is not dependent on synaptic activity or Ca 2ϩ influx through L-VSCCs or CaN activation. Neurons were transfected with H2-Kb-YFP at 6 DIV. Inhibitors of CaN (Figure legend continues.) activate MEF2. Thus, MHCI positively regulates MEF2 protein levels and activity, and increases MEF2 transcriptional activity in an activity-dependent manner.
To determine whether the reciprocal interaction between MHCI and MEF2 might also occur, cultured neurons were transfected with MEF2A and MEF2D shRNAs (shAϩD), or a scrambled shRNA control (shSCR; Flavell et al., 2006) , and sMHCI expression was quantified on the dendrites of transfected cells 48 h later. MEF2 knockdown did not change sMHCI density relative to control (Fig. 1G) . In addition, expression of a constitutively active form of MEF2, which has its transactivation domain replaced with the viral transactivator VP16 (MEF2-VP16; Black et al., 1996; Pulipparacharuvil et al., 2008) , did not alter sMHCI density compared with that found in cells transfected with a form of MEF2VP16 that lacks the DNA-binding domain (MEF2-⌬DBD-VP16; Fig. 1H ). Thus, increasing (with MEF2-VP16) or decreasing (with shAϩD) MEF2 activity does not regulate sMHCI density, indicating that MEF2 does not act upstream of MHCI. Together, results from this section suggest that MHCI acts upstream of MEF2 to activate signaling cascades to increase MEF2 protein levels and transcriptional activity in cortical neurons.
MHCI requires MEF2 to limit synapse density
Because MHCI and MEF2 negatively regulate neural connectivity and MHCI regulates MEF2 levels and activity (Flavell et al., 2006; Shalizi et al., 2006; Glynn et al., 2011; Yamada et al., 2013) , we next tested whether MHCI requires MEF2 to limit synapse density. If so, then MEF2 knockdown should prevent the MHCIdependent reduction in glutamatergic synapse density. To test this prediction, MHCI was overexpressed in cortical neurons alone or with shRNAs to MEF2A, MEF2C, and MEF2D or combinations of shRNAs to knockdown MEF2AϩMEF2D, MEF2Aϩ MEF2C, or MEF2CϩMEF2D (shAϩD, shAϩC, and shCϩD). Neurons were transfected at 6 DIV, the start of synaptogenesis in our cultures, and fixed at 8 DIV for ICC using antibodies against the presynaptic protein vesicular glutamate transporter-1 (VGluT1) and the postsynaptic density protein PSD-95. Synapses were defined as sites of colocalization between these two proteins. VGluT1 is expressed at the majority of glutamatergic presynaptic terminals and is commonly used as a reliable marker for excitatory synapses (Micheva et al., 2010) . The low transfection efficiency (1-5%) of our experimental system enabled visualization of synapses made onto transfected neurons by untransfected neurons.
MHCI overexpression significantly decreased synapse density by almost half, consistent with previous work ( Fig. 2 ; Glynn et al., 2011) . Although knockdown of single isoforms of MEF2 did not rescue the MHCI-induced reduction in synapse density (data not shown), knockdown of any two isoforms of MEF2 was sufficient to prevent the MHCI-induced decrease in synapse density ( Fig.  2A-D) . Repeating this rescue experiment with MEF2En, a dominant negative form of MEF2 that has its transactivation domain replaced with the engrailed transcriptional repressor (Arnold et al., 2007) , gave similar results (Fig. 2E) , although shRNAs produced a more robust rescue. Together, these data demonstrate that MHCI requires MEF2 to limit excitatory synapse density and that reduction of MEF2 activity by MEF2En, or by knockdown of at least two MEF2 isoforms, is sufficient to block MHCI signaling.
Manipulating MEF2 alone alters synaptic strength, but not synapse density, in young cortical neurons Although MHCI clearly requires MEF2 to limit synapse density, MEF2 knockdown alone did not increase synapse density ( Fig.  2A-D) . This result was surprising given previous reports that MEF2AϩMEF2D knockdown increases synapse density in cultured hippocampal neurons (Flavell et al., 2006) . Although MEF2A and MEF2D are expressed at similar levels in cortex and hippocampus, MEF2C is expressed at relatively higher levels in cortex (Lyons et al., 1995 (Lyons et al., , 2012 . To investigate the possibility that different isoforms or combinations of heterodimers of MEF2 might alter synapse density, synapses were quantified following individual knockdown of MEF2A, MEF2C, or MEF2D or after knockdown of combinations of MEF2 isoforms (shAϩD, shAϩC, and shCϩD). No combination of MEF2 shRNAs, or the dominant-negative construct MEF2En, altered synapse density in young cortical neurons (Fig. 3A) . Synapse density was also unaltered after increasing MEF2 activity using MEF2-VP16 (Fig.  3B) or a more potent 4OHT-inducible form of this mutant (MEF2-VP16-ER; Fig. 3C ). These results were obtained by defining a synapse as colocalization of VGluT1 ϩ PSD-95 clusters (Fig.  3A-C) , and were also reproduced using VAMP2 ϩ PSD-95 and synapsin1 ϩ PSD-95 colocalization (the combination used previously in hippocampal neurons; Flavell et al., 2006; Fig. 3D ). Densities of the presynaptic markers synapsin1 and VAMP2 were unchanged following knockdown of MEF2AϩMEF2D (Fig. 3E) , whereas the density of VGluT1 was slightly decreased by both MEF2En and MEF2-VP16 (Fig. 3F ) . Although a recent paper demonstrated that MEF2 decreases PSD-95 cluster area in mature hippocampal cultures (Tsai et al., 2012) , the density (Fig. 3F ) and area (Fig. 3G ) of PSD-95 clusters were not regulated by MEF2 in our cortical neurons. All of these manipulations were confirmed to alter MEF2 transcriptional activity in the expected manner (Fig. 3H ) , despite their inability to alter synapse density. Together, these results definitively show that manipulating MEF2 alone does not alter the density of PSD-95-containing synapses in young cortical neurons.
Because synapses on young cortical neurons are often silent (AMPAR-lacking) (Malinow and Malenka, 2002) , it is possible that defining synapses by PSD-95 staining might not reflect changes in the proportion of AMPAR-containing synapses. To test this hypothesis, the density of synapses that contained either GluA1 or GluA2 apposed to presynaptic VGluT1 was quantified (Fig. 4A-C) . Remarkably, the density of GluA1-containing synapses was increased by 27% following MEF2AϩMEF2D knockdown (Fig. 4 A, B) , whereas the density of GluA2-containing synapses was unchanged (Fig. 4C) . Thus, MEF2AϩMEF2D knockdown increases the proportion of synapses that contain GluA2-lacking, Ca 2ϩ -permeable AMPARs, while leaving the total number of PSD-95-containing synapses unchanged.
The increase in GluA1-, but not GluA2-, containing synapses in neurons expressing lower levels of MEF2 would be expected to enhance synaptic strength (Swanson et al., 1997; Liu and Zukin, 2007) . To test this prediction mEPSCs were obtained using whole-cell patch-clamp recording of cultured cortical neurons transfected for 48 h with shMEF2AϩD or shSCR control (Fig. 4D) . Consistent with our prediction, MEF2AϩMEF2D knockdown increased the amplitude of mEPSCs by 23% (Fig. 4E) . Although there was a trend toward increased mEPSC frequency (Fig. 4F ) , this effect remained nonsignificant even after increasing our sample size well above that typically used for mEPSC analysis (shSCR: n ϭ 16 cells, shAϩD: n ϭ 19 cells). The increase in mEPSC amplitude is consistent with the idea that synapses with GluA1-containing Ca 2ϩ -permeable AMPARs have enhanced conductance (Swanson et al., 1997; Liu and Zukin, 2007) . Therefore, our results show that in young neurons, MEF2 does not regulate the total number of PSD-95-containing synapses, but does limit the proportion of GluA1-containing synapses.
CaN is required for the MHCI-induced decrease in synapse density
The Ca 2ϩ and calmodulin-regulated phosphatase, CaN, dephosphorylates and activates MEF2 in response to synaptic activity, leading to an increase in MEF2 transcriptional activity (Flavell et al., 2006; Shalizi et al., 2006) . Based on the central role that CaN plays in activating MEF2, we hypothesized that MHCI might signal through CaN to activate MEF2. If so, then inhibiting CaN should prevent MHCI overexpression from increasing MEF2 activity. To test this hypothesis, the CaN inhibitors FK and CsA were added to 6 DIV neurons transfected with H2-Kb-mCherry and the MEF2 reporter, 3XMRE-EGFP. MEF2 activity was quantified 36 -48 h later. CaN inhibition largely prevented the MHCI-induced increase in shown includes an adjacent "mask" panel displaying the regions obtained following thresholding that were used for quantification. The intensity of the images shown was increased for publication to enable visualization of the faint puncta, in addition to the bright ones, because both are detected by our image analysis, as shown in the mask panels. The brighter puncta are saturated in those images by this increase in intensity. B, MEF2AϩMEF2D knockdown alone does not alter synapse density, but completely prevents the MHCImediated decrease in synapse density. MEF2 transcriptional activity, indicating that MHCI does signal through CaN to activate MEF2 (Fig. 5A) . Because CaN mediates MHCI-induced MEF2 activation, and MHCI requires MEF2 to limit synapse density, we next predicted that CaN inhibition would prevent the MHCI-induced decrease in connectivity. Indeed, blocking CaN activation using FK/CsA prevented the decrease in synapse density caused by MHCI overexpression (Fig. 5B) . A dominant negative mutant of CaN (dnCaN) produced similar results, and further indicated that the effects of CaN on synapse density are cell autonomous (Fig.  5C) . Interestingly, these effects were not dependent on NFAT, which is a cofactor for MEF2 and is activated by CaN in response to synaptic activity (Blaeser et al., 2000; Groth et al., 2003) . Expression Fig. 7C ) or by the colocalization of PSD-95 and synapsin1. Neurons were transfected at 6 DIV and fixed at 8 DIV. Normalized control (shSCR) levels are indicated by the dashed gray line; n Ն 21 dendrites (7 cells), one experiment. E, MEF2AϩMEF2D knockdown does not alter the density of PSD-95, VGluT1, synapsin1 or VAMP2. Densities of the indicated proteins were quantified from experiments shown in D, Figure 3A, of a peptide inhibitor that prevents CaN from activating NFAT (VIVIT-GFP; Aramburu et al., 1999) did not increase synapse density or prevent the MHCI-induced decrease in synapse density (Fig. 5D) . Thus, CaN does not limit synapse density through NFAT, and MHCI regulates connectivity through CaN in a manner that is not dependent on proteins, such as NFAT, that contain the "PxIxIT" CaN docking motif. Although these results suggest that MHCI requires CaN to activate MEF2 and limit synapse density, it is also possible that MHCI and CaN regulate synapse density through parallel, independent pathways because blocking CaN alone increased synapse density. To test this possibility, genetic epistasis/occlusion analysis was used to determine whether reducing both MHCI and CaN in the same neuron increases synapse density in an additive manner (indicating that they work through independent pathways) or in a nonadditive manner (indicating a shared pathway). To that end, CaN inhibitors were added to neurons transfected with ␤2m or NTS siRNAs from 5 to 8 DIV. Both CaN inhibition and ␤2m RNAi increased excitatory synapse density, consistent with previous work (Flavell et al., 2006; Glynn et al., 2011) , but blocking CaN did not increase synapse density over that observed with sMHCI knockdown alone (Fig. 5E) . Thus, MHCI requires CaN to activate MEF2 transcription and limit synapse density.
MIA increases MHCI on cortical neurons and decreases their ability to form synapses
Although MHCI clearly limits synapse density through CaN and MEF2-dependent signaling when overexpressed, the physiological relevance of this phenotype was unclear. Therefore, we next asked whether MHCI levels are elevated on neurons by more physiologically relevant mechanisms, and if so, whether this increase limits connectivity in a MEF2-dependent manner. Given that cytokines are potent regulators of MHCI in the immune system, we addressed this issue using a mouse model of MIA in which cytokines are elevated in the brains of offspring (Meyer et al., 2006 (Meyer et al., , 2008b Fatemi et al., 2008; Arrode-Brusés and Brusés, 2012; Garay et al., 2013) . Pregnant mice were injected intraperitoneally with poly(I:C) (MIA) or saline (control) at gestational day 12.5 and two approaches were used to measure neuronal sMHCI on neurons from the FC of newborn offspring. First, neurons were acutely dissociated and sMHCI levels were measured using flow cytometry. Neuronal sMHCI levels from MIA offspring were increased 1.9-fold over control (Fig. 6A) . Second, ICC was used to detect sMHCI clusters on dendrites of neurons cultured from newborn MIA and control offspring (Fig. 6B) . The density of sMHCI was 1.8-fold higher on neurons from MIA offspring compared with those from control offspring (Fig. 6C) , similar to the flow cytometry data. Thus, an acute immune insult during mid-gestation causes a dramatic elevation in MHCI levels on the surface of cortical neurons from newborn offspring.
An increase in sMHCI on neurons from MIA offspring would be expected to cause a decrease in glutamatergic synapse density compared with control cultures, similar to that observed following MHCI overexpression ( Fig. 2; Glynn et al., 2011) . To test this hypothesis, synapse density was measured on 8 DIV neurons cultured from MIA and control offspring. Indeed, neurons from MIA offspring formed less than half the number of synapses that neurons from control offspring formed (Fig. 6 D, E) . To determine whether the decrease in synapse density between MIA neurons was caused by elevated sMHCI, we transfected MIA neurons with a ␤2m shRNA to reduce sMHCI to control (control ϩ shNTS) levels (Fig. 6F ) and then measured synapse density. Remarkably, synapse density returned to control levels in neurons from MIA offspring in which sMHCI was returned to normal (Fig. 6G) . These results indicate that the MIA-induced deficiency in synapse formation is mediated by an increase in neuronal MHCI.
The MHCI-MEF2 signaling pathway is required for the MIA-induced deficiency in synapse formation Next, we tested the hypothesis that MHCI signals through MEF2 to limit synapse density between neurons from MIA offspring. If the MIA-induced increase in sMHCI activates the same pathway as MHCI overexpression, then levels of MEF2 protein would be expected to increase in MIA neurons. Western blotting was used to measure MEF2 protein levels from lysates of cultured MIA or control neurons. Neurons from MIA offspring contained significantly more MEF2 protein than did controls (Fig.  7A) , consistent with our hypothesis. MEF2A and MEF2C were both increased twofold, whereas MEF2D was increased threefold, in MIA cultures compared with controls (Fig. 7B) . If the elevated level of sMHCI on MIA neurons activates the same pathway as MHCI overexpression, then preventing the MIA-induced increase in MEF2 should rescue the MIA-induced decrease in synapse density. Indeed, knocking down MEF2AϩD in neurons from MIA offspring was sufficient to return synapse density to control levels (Fig. 7C) , mimicking the results from the rescue experiments shown in Figure 2 . Together, our results demonstrate that the MHCI-MEF2 signaling pathway identified here mediates the effects of MIA in limiting cortical synapse density.
Discussion
Despite the many roles that MHCI proteins play in CNS development, plasticity, and repair (Huh et al., 2000; Goddard et al., 2007; McConnell et al., 2009; Fourgeaud et al., 2010; Washburn et al., 2011; Wu et al., 2011; Adelson et al., 2012; Bilousova et al., 2012) , almost nothing is known about the signaling mechanisms underlying these functions. Here, we report a novel MHCI signaling pathway that converges on MEF transcription factors. Activity-dependent, CaN-mediated activation of MEF2 transcription factors is an important downstream signaling pathway that mediates the effects of MHCI in limiting synaptic connectivity. This signaling pathway is active not only following MHCI overexpression, but also in neurons from offspring following MIA. Neurons from MIA offspring form less than half as many synapses compared with controls because of elevated MHCI-MEF2 signaling. Thus, we have identi- . Maternal immune activation increases sMHCI and decreases glutamatergic synapse density on cortical neurons from newborn offspring. A, Surface MHCI (H2-Kb/H2-Db) is almost doubled on acutely dissociated neurons from P0 FC from newborn offspring of poly(I:C)-injected (MIA) mothers compared to those from saline-injected (control) offspring, as assessed using flow cytometry; n Ն 5 experiments. B, Representative images of dendritic sMHCI on 8 DIV mouse cortical neurons cultured from FC of MIA or control offspring. Scale bar, 5 m. C, The density of sMHCI puncta is almost doubled in neurons from MIA offspring; n Ն 89 cells per condition, Ն7 experiments. D, Representative images of synapses on dendrites from cultured MIA and control neurons immunostained for excitatory synapse density using antibodies against PSD-95 (green) and VAMP2 (red). Scale bar, 5 m. E, Excitatory synapse density is decreased over twofold on neurons cultured from MIA offspring compared with control offspring; n Ն 88 cells (264 dendrites) per condition, six experiments. F, The increase in sMHCI on MIA neurons returns to control levels following ␤2m RNAi. MIA or saline neurons were transfected with EGFP ϩ ␤2m or NTS shRNAs for 48 h before quantification of sMHCI; n Ն 24 dendrites (8 cells) per condition, three experiments. G, The MIA-induced decrease in synapse density is rescued by preventing the MIA-induced increase in sMHCI. Synapse density is graphed normalized to control (saline neurons transfected with NTS RNAi); n Ն 21 dendrites (7 cells), two experiments. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001.
apse density, but rather limits active remodeling of existing connections Vetere et al., 2011; Akhtar et al., 2012; Cole et al., 2012; Zang et al., 2013) . Thus, the effects of MEF2 on neural connectivity are dependent on brain region, age, and activity level.
Despite a lack of effect on synapse density, MEF2 does regulate synaptic strength in young cortical neurons. mEPSC amplitude was increased in MEF2 knockdown neurons, suggesting that AMPARs are either more abundant or more effective at their synapses. Consistent with the latter interpretation, MEF2 knockdown for 48 h increased the density of GluA1-, but not GluA-2-, containing synapses, suggesting that newly inserted, Ca 2ϩ -permeable AMPARs mediate the increase in mEPSC amplitude through their enhanced conductance (Swanson et al., 1997; Liu and Zukin, 2007) . The lack of a significant increase in mEPSC frequency may reflect an increase in the insertion of GluA1 homomers into preexisting, AMPAR-containing synapses. The ability of MEF2 to alter synaptic strength in young cortical neurons is different from the initial report of no such effect in more mature hippocampal neurons (Flavell et al., 2006) . Although recent papers have shown that MEF2 can actually limit synaptic strength in hippocampal neurons (Pfeiffer et al., 2010; Zang et al., 2013) , the mechanism underlying this effect -destabilization of PSD-95 (Tsai et al., 2012) -is distinct from that in young cortical neurons, because up-or downregulation of MEF2 in these cells did not alter PSD-95. Thus, MEF2 uses distinct mechanisms to regulate the composition of synapses in a regionand age-specific manner.
The necessity, but not sufficiency, of MEF2 in MHCI signaling suggests that MHCI activates additional factors that work with MEF2 to decrease synapse density. These factors are likely downstream of both MHCI and CaN, because CaN is both necessary and sufficient to mediate the effects of MHCI in negatively regulating synapse density. In nonneuronal cells, MEF2 interacts with a large number of cofactors, including NFAT, Cabin1/Cain, GSK3␤, Cdk5, MASH-1, p300, and HDACs (Sun et al., 1998; Dietrich, 2013) . Because NFAT is one of the primary cofactors for MEF2 and is a major mediator of CaN signaling (Blaeser et al., 2000; Groth et al., 2003) , we tested its role in mediating the effects of MHCI on synapse density. However, MHCI overexpression did not alter NFAT transcriptional activity and specific inhibition of CaN:NFAT signaling did not rescue the MHCI-mediated decrease in synapse density (Fig. 5D) . Thus, other cofactors may be necessary for MHCI to limit synapse density.
How MHCI signaling leads to changes in synaptic activity, Ca 2ϩ influx, and CaN activation in a cell-autonomous manner is unknown. Most research into MHCI signaling in the immune system has focused on activation of immune receptors. Indeed, some of the effects of MHCI in regulating activity-dependent plasticity are mimicked in mice lacking the paired Ig-like receptor B (Syken et al., 2006; . Fewer studies have addressed the possibility that MHCI might signal in a cellautonomous manner (Pedersen et al., 1999) . This type of "reverse" signaling has been investigated in non-neuronal cells, where antibody-mediated MHCI clustering causes Ca 2ϩ influx (Gilliland et al., 1989; Dissing et al., 1990; Skov et al., 1995 Skov et al., , 1997 Jin et al., 2004) . On cortical neurons, a subset of sMHCI exists as clustered heavy chains and this clustering is required for its synapse-limiting activity (Glynn et al., 2011) , supporting the idea that MHCI clustering could mediate the MHCI-induced activation of MEF2.
MHCI molecules could also modulate Ca 2ϩ influx (and CaN signaling) by altering the function of other transmembrane proteins, including ion channels. NMDAR activation is required for MHCI to activate MEF2 and moreover, MHCI limits NMDAR currents and AMPAR trafficking following NMDAR stimulation (Fourgeaud et al., 2010) . A reduction in NMDAR conductance by MHCI could result in stimulus-induced Ca 2ϩ levels more conducive to CaN activation and LTD induction (Groth et al., 2003) , consistent with the lack of LTD in mice deficient in sMHCI (Huh et al., 2000) . Alternatively, MHCI might interact with as yet unknown proteins to regulate MEF2 activation. Many cell-surface proteins unrelated to the immune response interact with, and are regulated by, MHCI (Arosa et al., 2007) . Thus, identifying novel MHCI effectors in neurons is an important goal for the future.
One of the most exciting implications of the role for MHCI in regulating neural development and plasticity is its potential involvement in mediating the effects of immune dysregulation on brain development in disease. MIA is a risk factor for ASD and SZ in humans (Atladó ttir et al., 2010 (Atladó ttir et al., , 2012 Meyer et al., 2011; Brown, 2012) . Moreover, mouse models of this risk factor show both ASD-and SZ-like behaviors in offspring (Shi et al., 2003 (Shi et al., , 2005 Meyer et al., 2008a Ito et al., 2010; Vuillermot et al., 2010; Patterson, 2011; Malkova et al., 2012; Giovanoli et al., 2013) and long lasting changes in cytokine levels in the brains of postnatal MIA offspring . Cytokines regulate MHCI expression in most cell types, but whether neuronal MHCI levels in MIA offspring are altered was unexplored. Using flow cytometry and ICC, we show here that MHCI levels on neurons from newborn MIA offspring are doubled relative to controls, providing evidence for the first time that sMHCI levels on young cortical neurons are highly responsive to a peripheral immune response. Although MIA leads to ASD-and SZ-like neuropathology and behaviors as well as decreased mEPSC frequency in hippocampal slices from young adult offspring (Ito et al., 2010) , whether it also alters connections in the brains of offspring is unknown. Our results indicate that MIA does indeed alter connectivity during development, causing a profound deficit in the ability of cortical neurons to form synapses. Most important, this MIA-induced deficit in synapse formation requires elevated neuronal sMHCI and MEF2 levels. Together, these results imply that MIA requires the MHCI-MEF2 signaling pathway to limit the ability of cortical neurons to form synapses. Future experiments aimed at discovering how this pathway is altered by MIA, the developmental progression of those changes, and whether this signaling pathway mediates disease-linked behaviors in offspring will be critical for determining the relevance of this MHCI-MEF2 signaling pathway to disease.
Because MIA is a risk factor for both ASD and SZ (Atladó ttir et al., 2010 (Atladó ttir et al., , 2012 Meyer et al., 2011; Brown, 2012) , the MHCI-MEF2 signaling pathway identified here may be critical for the pathogenesis of these disorders. Increasing evidence supports a central role for immune dysregulation in ASD and SZ. Both disorders are linked to aberrations on chromosome 6, which is densely packed with immune genes, including MHCI (Needleman and McAllister, 2012; Torres et al., 2012a) . Specific MHCI haplotypes are associated with ASD (Needleman and McAllister, 2012; Torres et al., 2012b; Mostafa et al., 2013) and the MHC region is one of the few replicable sites associated with SZ in large-scale genome-wide association studies (Purcell et al., 2009; Stefansson et al., 2009; Li et al., 2010; Kano et al., 2011; Jia et al., 2012 ; Irish Schizophrenia Genomics Consortium and the Wellcome Trust Case Control Consortium 2, 2012; Andreassen et al., 2013) . MEF2C is also linked to ASD and regulates several risk factors, including protocadherin-10 and Deleted-InAutism 1 (Morrow et al., 2008; Novara et al., 2010; Mikhail et al., 2011; Neale et al., 2012; Tsai et al., 2012) . Moreover, the gene that causes Rett syndrome, MeCP2, represses MEF2 expression (Chahrour et al., 2008) and MEF2 requires the fragile-X mental retardation protein to eliminate synapses on mature hippocampal neurons (Pfeiffer et al., 2010; Tsai et al., 2012; Zang et al., 2013) . Together, these observations suggest the intriguing hypothesis that the MHCI-MEF2 signaling pathway identified here not only regulates synapse density in the developing cortex, but may also represent a common molecular pathway downstream of both genetic mutations and environmental factors that contribute to ASDs and SZ.
